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Abstrat
New experimental data from the sattering of
6
He+
208
Pb at energies around and
below the Coulomb barrier are presented. The yield of breakup produts oming
from projetile fragmentation is dominated by a strong group of α partiles. The
energy and angular distribution of this group have been analyzed and ompared
with theoretial alulations. This analysis indiates that the α partiles emitted at
bakward angles in this reation are mainly due to two-neutron transfer to weakly
bound states of the nal nuleus.
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1 Introdution
Reations involving nulei far from stability at energies around the Coulomb
barrier provide an exellent tool to study the novel properties of exoti sys-
tems. The inrease in intensity of radioative ion beams ahieved along the
past two deades has ontributed deisively to the improvement of the au-
ray of these experiments. One of the exoti nulei that has reeived more
attention in reent years is the
6
He. Its interesting Borromean struture, on-
sisting of an α ore plus two-weakly bound halo neutrons, and its relatively
long half-life (807 ms) makes this nuleus an exellent andidate for this kind
of experiments. Reations indued by
6
He on several targets [1,2,3,4,5,6℄ at
energies around the Coulomb barrier exhibit some ommon features, suh as
a remarkably large ross setion for the prodution of α partiles. This eet
is learly assoiated with the weak binding of the halo neutrons, that favors
the dissoiation of the
6
He projetile in the nulear and Coulomb eld of the
target.
To plae our work in the appropriate ontext, we rst review some reent ex-
periments with
6
He at Coulomb barrier energies. In the work of Aguilera et al.
[1℄ a simultaneous analysis of the elasti and two-neutron removal hannels for
the
6
He+
209
Bi reation revealed that, at energies below the Coulomb barrier,
the reation ross setion is almost exhausted by the α hannel while the om-
plete fusion ross setion is very small. In a more reent measurement of the
same reation [2℄ in whih neutron-α oinidenes were reorded, the authors
onluded that more than half of the α partiles produed beyond the grazing
angle arise from two-neutron transfer to unbound states of the
211
Bi residual
nuleus. Similar onlusions were ahieved in an experiment done by Di Pietro
et al. [3℄, where about 80% of the measured α partiles oming out from the
reation
6
He+
64
Zn were identied as oming from transfer or breakup. As a
further example, we mention the measurements of Navin et al. for
6
He+
65
Cu
at Elab = 19.5 and 30 MeV [4℄. The
66
Cu yield is largely underestimated by
statistial model alulations, suggesting that an important fration of these
produts have an origin dierent from fusion evaporation. The observation of
the harateristi γ rays from heavy produts (suh as 65Cu) in oinidene
with projetile-like partiles, onrm that these other proesses ould be 1n
and 2n transfer followed by evaporation.
∗
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Reently, Raabe et al. [5℄, measured ssion fragments for the reation
6
He+
238
U
at energies around the fusion barrier. Based upon kinematial onsiderations,
they onluded that the large observed yield for ssion below the barrier is
entirely due to a diret proess, the two-neutron transfer. Their onlusions
were supported by alulations performed in the distorted wave Born approx-
imation (DWBA) for the two-neutron transfer to exited states of the
238
U
target.
In this work, we present new data for the breakup of
6
He on
208
Pb at energies
around the Coulomb barrier, measured at the CYCLONE RNB faility at
the Centre de Reherhe du Cylotron (CRC) of the Université atholique
de Louvain (UCL), Louvain-la-Neuve, Belgium. The elasti sattering data
from the same reation has been analysed and presented before [7,8,9℄. A
omprehensive optial model analysis of these data revealed the existene of
a long-range absorption eet, whih is a lear indiation of the presene of
reation mehanisms that remove ux from the elasti hannel at distanes well
beyond the strong absorption radius. The same eet has been also reported
in other reations indued by
6
He [10℄ and by other weakly bound nulei, suh
as
17
F+
208
Pb [11℄. The inlusion of a dynami polarization potential (DPP)
in the phenomenologial projetile-target interation showed that part of this
long-range absorption eet arises from the distortion produed in
6
He due
to the intense dipole Coulomb interation [12℄. The phenomenologial optial
model required a very large imaginary diuseness in order to reprodue the
elasti data even after the inlusion of the DPP. Thus, the nulear interation
ontributes also to this long-range absorption.
Given the dominane of the
4
He hannel in these low energy reations, it
is plausible to suggest that the mehanisms responsible for the prodution
of these fragments are also responsible for the long-range absorption eet.
Guided by this motivation, in this work we present an analysis of the two-
neutron removal hannel measured in the same experiment. In this experi-
ment, the energy and sattering angle of the α partiles emitted at bakward
angles were reorded. The purpose of this work is to understand the reation
mehanisms whih are relevant in the ollision of
6
He on
208
Pb, by examining
the angular and energy distributions of the α partiles produed in the ol-
lision. To do this, for eah beam energy, the angular distribution as well as
the angle-integrated energy distribution of the α partiles have been evaluated
and ompared with theoretial alulations.
The paper is organized as follows. In setion 2 we desribe the experimen-
tal setup and analysis method, and disuss general features of the measured
observables. In setion 3, we ompare these observables with theoretial alu-
lations performed with the transfer to the ontinuum method, diret breakup
alulations using ontinuum disretized oupled-hannels alulations, and
neutron transfer alulations in DWBA. In setion 4 we disuss our results
3
and ompare them with previous works. Finally, in setion 5 we present the
summary and outlook of this work.
2 Experimental setup and analysis proedure
The sattering of a
6
He beam on a
208
Pb target was studied at the radioa-
tive beam faility of the CRC/UCL at Louvain-la-Neuve. The
6
He beam was
produed by the
7
Li(p,2p)
6
He reation in a LiF powder target with a graphite
ontainer. The atomi beam was ionized in an ECR soure, puried by mag-
neti separation and reaelerated in the CYCLONE110 ylotron at the
CRC/UCL. This tehnique provides a highly pure beam, essentially free of
ontaminants. The only ontaminant ever observed in this beam has been re-
ported in the the work of Miljani et al. [13℄ where
4
He
1
H
+
2 ions were observed
as an impurity in a 17 MeV
6
He beam with a ratio of intensities of 1:5400.
For the angular range overed in the present experiment, the ontribution of
this impurity turned out to be negligible. The
6
He beam was produed at
laboratory energies of 14, 16, 18 MeV within the rst harmoni of the ael-
erator with an average intensity of 4·106 ions per seond and at 22 MeV at
the lowest limit of the seond harmoni with an intensity of 1.5·105 ions per
seond. A high intensity
4
He beam at laboratory energy of 12 MeV was used
for normalization of the elasti ross setion.
The elasti data obtained from this experiment are published elsewhere [9℄.
We briey review here the main features of the setup. For a more detailed
desription of the experimental setup we refer to previous publiations [7,9℄.
The size of the
4,6
He beams were redued by passing the beam through a set
of two ollimators of 5 mm and 7 mm diameter with the latter at 400 mm
from the target. The targets onsisted of self-supporting foils of enrihed
208
Pb
(87%) mounted on a movable ladder with a thikness of 0.950 mg/m
2
for the
12 MeV
4
He and 14,16,18 MeV
6
He beams and 2.080 mg/m
2
for the 22 MeV
6
He beam. The latter was used to ompensate for the low intensity of the
beam.
The reation produts were measured using four LEDA detetors in the stan-
dard form and six LEDA detetors in the LAMP onguration overing angles
in the forward diretion from 5
◦
to 65
◦
. For a detailed desription of the perfor-
mane and eieny of these detetors see [14℄. In the bakward diretion, the
most relevant for this analysis, the DINEX telesope array [15,7℄ was plaed
at a distane of 37 mm and 42 mm from the 0.950 mg/m
2
and 2.080 mg/m
2
thik
208
Pb targets respetively. The DINEX telesope overed therefore dif-
ferent laboratory angles for the dierent targets ranging from 136.3
◦
to 166.6
◦
for the thin target and from 131.8
◦
to 164.5
◦
for the thik target of 2.080
mg/m
2
used only for the 22 MeV
6
He beam. The DINEX array onsisted of
4
four quadrants forming a CD [15℄, eah omposed of single sided Si strip de-
tetors (∆E) 40 µm thik with sixteen radial strips staked in a 500 µm thik
single PAD Si-detetor. Eah strip subtended an angle of about 2
◦
, although
this value depends on the sattering angle.
The energy alibration was performed using a triple alpha soure for the front
single sided Si strip detetor of the telesope. The telesope as a whole was
alibrated using the elasti sattering peaks of the
4
He and
6
He beams from the
208
Pb target at dierent energies below the Coulomb barrier where the elasti
peak at bakward angles still has signiant statistis. To evaluate the energy
losses of the beam and ejetiles in the dierent media, i.e. target thikness and
dead layers of the front and bak detetors, a simulation programme developed
by R. Raabe [16℄ and adapted to the geometry of our setup was used. The
energy losses of the
4,6
He ions were alulated in tables using SRIM [17℄ and
inserted into the simulation programme. The fat that the interation region
had a nite size, was also taken into aount in the simulations.
In order to obtain the energy of the ejetile we rst added the signals from
the two detetors of the telesope, ∆E and E. The latter was multiplied by
a mathing onstant α(θ) that depends on the relative gain of the dierent
eletroni hains (see [9℄ for more details). Then we used the energy of the
elasti peaks of
4
He at 12 MeV and
6
He at 14, 16 and 18 MeV to alibrate the
total telesope signal.
The DINEX telesopes allow mass and harge separation of the reation prod-
uts. A typial mass spetrum, ∆E versus total energy, ET , obtained with the
DINEX array for a
6
He beam energy of 22.0(1) MeV and θlab = 144
◦ ± 1◦ is
shown in Fig. 1. Using these alibrations and the mass and harge separation
obtained with the telesopes we are able to identify the energy distribution of
the breakup produts as well as the elasti ounts in every ring (θi), as shown
in this gure. The energy loss in the 40 µm thik ∆E detetor is displayed
versus total energy. The elipsoids selet the elasti and breakup events used in
the analysis. The low energy seletion orresponds to protons. The bakground
events are remarkably low onsidering that no ondition beyond oinidene
between the front and bak detetors of the telesope is applied.
We obtained the breakup ross setion by making use of the ratio of breakup to
elasti events seen in the telesopes. To have reasonable statistis, we grouped
the breakup events in 1 MeV bins. Then, we evaluated for eah detetor
strip θi and for eah energy bin Ei the ratio of breakup to elasti events
Nbu(θi, Ei)/Nel(θi). Note that unertainties assoiated with beam intensity,
solid angle, eieny of the eletroni hain or target thikness disappear in
this ratio. When we add these ratios for all the energy bins, we obtain the ratio
of breakup to elasti ross setions as a funtion of the sattering angle. These
ratios are shown in Fig. 2, as a funtion of the laboratory sattering (LAB)
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Fig. 1. Two dimensional plot of the 22 MeV
6
He sattered from a 2.08 mg/m
2
208
Pb target at laboratory angle of 144(1)
◦
. The regions enlosed by solid lines
orrespond to the
6
He and
4
He events. The plot inludes all events in oinidenes
with multipliity ≥ 1 to stress the low bakground level. Therefore one an see events
fully stopped in the ∆E detetor orresponding to α's from the grand-daughter of
210
Pb and
234
Th present in the target in very small amount. The ount rate was less
than two α partiles every 10 min for this angular overage.
angle , at several beam energies. It is notieable that, at Elab = 22 MeV, the
yield of α fragments exeeds the elasti ones by a fator of ten. As disussed
in the introdution, this large α ross setion has been reported for other rea-
tions indued by
6
He on several medium-heavy targets, suh as
65
Cu [4℄,
64
Zn
[3℄, and
209
Bi [1℄.
The breakup double dierential ross setion, with respet to the angle and
the energy of the α partile, depends on energy and angle, and an be related
to the ratio of the number of ounts and to the elasti dierential ross setion
by the following expression:
d2σbu
dEdΩ
∣∣∣∣
Ej ,θi
=
Nbu(θi, Ej)
Nel(θi)
1
∆Ej
(
dσel
dΩ
)
θi
(1)
where ∆Ej = 1 MeV is the bin width. The dierential elasti ross setion for
the dierent laboratory angles are taken from [9,18℄.
If this expression is integrated over the energy of the breakup fragment, one
obtains the dierential breakup ross setion, as a funtion of the sattering
6
angle, whih is given by:
dσbu
dΩ
∣∣∣∣
θi
≈
j=Emax∑
j=Emin
Nbu(θi, Ej)
Nel(θi)
(
dσel
dΩ
)
θi
. (2)
These dierential ross setions are presented in Fig. 3. Errors bars orrespond
to statistial errors. It should be noted that the breakup dierential ross se-
tions are highest around the Coulomb barrier (E = 18MeV), and they derease
both at lower energies and higher energies. However, for 14 MeV, whih is well
below the barrier, the breakup ross setions are still sizeable. This indiates
that the mehanism produing alpha partiles is eetive for projetile-target
separations as large as 17.3 fm, whih orresponds to the distane of losest
approah for a head-on ollision at this energy. This mehanism, indeed, will
be a soure of the long range absorption whih we have seen in the analysis
of elasti data.
Similarly, if, for eah energy bin of the α partiles, the double dierential
ross setions are integrated with respet to the angle, over the angular range
overed by the CD detetors, one gets a breakup dierential ross setion as
a funtion of the energy, whih is given by
dσbu
dE
∣∣∣∣
Ej
≈
i=16∑
i=1
2π sin(θi)
∆θi
∆Ej
Nbu(θi, Ej)
Nel(θi)
(
dσel
dΩ
)
θi
. (3)
These ross setions are presented in Fig. 4.
Our purpose is to understand whih mehanism is responsible for the large
prodution of α partiles. The fat that the α partiles are produed with
relatively large energies, that inrease with the projetile energy, leads us
to onlude that the proess should be a diret one, and not a ompound
nuleus formation. Within the diret mehanism piture, we an onsider three
mehanisms:
a) Transfer to the ontinuum: As the
6
He nuleus gets lose to the target,
it leaves the two neutrons with low kineti energy with respet to the
208
Pb
target, and the remaining α partile esapes. If this is the ase, we would
expet that the α partile would have an energy distribution entered around
the energy of the elastially sattered
6
He.
b) Diret breakup: The
6
He nuleus breaks up in the eld of the target and it
goes to a ontinuum state with low exitation energy. In this ase, we would
expet that the α partile (and the neutrons) to have a similar veloity to the
elastially sattered
6
He, and hene its energy would have a broad distribution
around 4/6 of the energy of
6
He.
) Neutron transfer: One of the neutrons of
6
He is transferred to the target,
7
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Fig. 2. Ratio between the measured
4
He and
6
He events, as a funtion of the labora-
tory sattering angle, at several bombarding energies. The angular range at 22 MeV
is dierent to that overed at energies below the Coulomb barrier due to dierent
positioning of the target. See setion 2 for more details. Errors bars orrespond to
statistial errors.
produing a bound state of
209
Pb and leaving
5
He in a broad resonane, that
rapidly deays produing
4
He. In this ase, the kineti energy of the
5
He
resonane, although dependent on the Q-value, would be similar to that of
the elastially sattered
6
He (for Q ≃ 0), and the alpha partiles would have
a broad distribution around 4/5 of the energy of
5
He.
It should be noted that, in our work, diret breakup, 2n transfer and 1n
transfer orrespond to dierent approahes to desribe the mehanism that
produe alpha partiles, rather than to dierent reation hannels. From the
theoretial point of view, these three mehanisms desribe the removal of the
valene neutrons in
6
He, but they do not lead neessarily to dierent nal
states. They should be seen as dierent approahes to a very diult 4-body
problem (α + n+ n+ 208Pb) whih annot be solved aurately. Eah of these
methods emphasize a dierent way in whih the fragmentation is produed. In
the diret breakup method, one assumes that the
6
He is broken up by exiting
the neutrons to ontinuum states with low relative energy with respet to
the α ore, and hene a representation in terms of the 6He ontinuum states
is used. In the transfer to the ontinuum approah, it is assumed that the
fragmentation ours by transfer of the valene neutrons to weakly bound
states of the target, and hene a target representation is preferred in this ase.
Finally, the 1n transfer orresponds to an intermediate situation, in whih one
assumes that one of the neutrons is transferred to states of low relative energy
with respet to the target, while the other remains in a low energy state with
respet to the alpha ore. Then, these approahes should be understood as
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Fig. 3. Angular distribution of α partiles arising from 6He fragmentation, in the
laboratory frame, for several inident energies. Experimental angular distributions
are ompared with transfer to the ontinuum (TC) alulations (solid lines). The
distribution obtained at 22 MeV is also ompared with a diret breakup (DBU)
alulation, performed within the CDCC approah (dashed line), and a DWBA
alulation for the one neutron transfer (NT) leading to bound states of the
209
Pb
nuleus (dotted-dashed line).
extreme pitures that emphasize dierent degrees of freedom of the breakup
proess, and not dierent reation hannels. For instane, it has been shown
[19℄ that, if a large basis is inluded in both the diret breakup and transfer
to the ontinuum representations, there is a strong overlap between the states
populated in both methods. As a onsequene, the ross setions alulated
within the two approahes an not be simply added to obtain the total breakup
ross setion.
It is apparent from Fig. 4 that the position of the energy peak is not onsistent
9
with the expeted value in a diret breakup piture, in whih the fragments
are produed with essentially the beam veloity. The results for this estimate,
alulated at θlab = 151
◦
, are shown by the arrows in Fig. 4. Notie that these
values are signiantly smaller than the measured energy of the α partiles
and hene it is not expeted that the diret breakup model is suitable for
understanding the present data.
Under the assumption that the relative energy between the halo neutrons
remains small during the proess, the gain of kineti energy of the outgoing α
partiles implies that these neutrons are left with a small (or even negative,
if they are transferred to bound states) relative energy with respet to the
target. Energy onservation demands that the available kineti energy is used
to exite the target, or to aelerate the α partiles, as we observe in this
experiment. This indiates that the proesses responsible for the prodution
of these α fragments are of a more ompliated nature than suggested by the
simple diret breakup model.
From these semiquantitative onsiderations, our data suggest a transfer to the
ontinuum piture, in whih the valene neutrons are transferred to highly
exited states of the target, lying around the
210
Pb→ 208Pb+2n breakup
threshold. Final states above this threshold an be interpreted as a three-body
breakup of the projetile, while those below the threshold would orrespond to
a pure transfer proess leading to bound states of the
210
Pb residual nuleus.
3 Theoretial alulations
In this setion, we present a more quantitative analysis of the data, by per-
forming alulations for the dierent mehanisms desribed in the preeeding
setion (transfer to the ontinuum, diret breakup or one neutron transfer).
The goal of this study is to see whih of these mehanisms is more appropriate
to desribe the present data.
3.1 Transfer to the ontinuum
We use the transfer to the ontinuum method, in whih the two-neutron re-
moval is treated as a transfer of the valene neutrons to bound and unbound
states of the 2n+
208
Pb system. For simpliity, these alulations are performed
within the DWBA approximation. Although the DWBA method has been
traditionally applied to the transfer between bound states, it has also proved
to be a useful method in situations where nal states lie in the ontinuum
[20,21,22,23,24℄. To simplify our desription of the reation proess, we assume
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Fig. 4. Energy distribution of deteted α partiles for the reation 6He+208Pb at 14,
16, 18 and 22 MeV, integrated in the angular range 132
◦
-164
◦
. Experimental data
(irles) are ompared with transfer to the ontinuum (TC) alulations (solid lines).
The arrows indiate the expeted energy of the α partiles sattered at θlab = 151
◦
,
assuming an extreme diret breakup piture. In the panel for Elab = 22 MeV the full
diret breakup alulation, performed within the CDCC method, is also presented,
multiplied by a fator of 5.
that the relative motion of the two halo neutrons is not aeted during the
proess. At least for the Coulomb interation, whih is known to be very im-
portant in this reation, this assumption is expeted to be reasonable beause
this interation will at only on the α fragment, tending to streth the 6He
system, with the neutrons moving against the α ore. So, in these alulations,
we emphasize the dineutron-α relative oordinate, under the assumption that
11
this is the
6
He main degree of freedom whih is exited during the proess.
These transfer ouplings are shematially depited in Fig. 5a.
(a)
+
 +He
6 PbHe 208
4
  Pb
(    Pb + 2n)+  He
 210
208                            4  
(b)
6He  +   Pb
   208(  He + 2n) +    Pb 4
   208
Fig. 5. Shemati representation of the ouplings inluded in the transfer to the
ontinuum (a) and diret breakup (b) alulations.
In this reation, the post form expression of the DWBA transition amplitude
involves a matrix element of the operator
V[2n−α] + U[α−208Pb] − U[α−210Pb].
The potential parameters required in the alulations are summarized in Table
1. For the α-208Pb system, we used the parameterization of Barnett and Lilley
[25℄. The optial potential for the
6
He-
208
Pb system, whih is used to generate
the distorted waves for the inoming hannel, is taken from a t of the elasti
angular distribution [9,18℄. The same parameters were used for the outgoing
hannel (α-210Pb). As explained above, the neutron pair was allowed to be
transferred to both bound and unbound states of
210
Pb. The 2n-
208
Pb rela-
tive wavefuntions were generated with the deuteron-
208
Pb optial potential
derived in Ref. [26℄. In order to permit the inlusion of bound states, only the
real part of this potential was onsidered. Redued radii (rx) were onverted
to physial radii (Rx) as Rx = rx(A
1/3
1 +A
1/3
2 ), for the
6
He-
208
Pb and α-210Pb
systems, and as Rx = rx for the 2n-α system.
In the di-neutron model, the
208
Pb+2n nal states should be onsidered as
doorway states to whih the di-neutron is transferred. The doorway states
subsequently fragment into bound or ontinuum states of
210
Pb. To evaluate
the wavefuntions of these doorway states, we take into aount the average
separation energy of the 2n single partile ongurations for eah L value,
〈ǫ2n〉, aording to the available experimental information [28℄. Then, we eval-
uate the number of nodes of the
208
Pb-2n relative wavefuntion, N , preserv-
ing the Pauli priniple. This is done using the Wildermuth ondition [29,30℄:
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Table 1
Potential parameters used in the alulations.
System V0 r0 a0 W0 ri ai Ref.
(MeV) (fm) (fm) (MeV) (fm) (fm)
6
He-
208
Pb
a b 1.015 1.15 c 1.015 1.70 [9℄
α-208Pb 96.44 1.376 0.625 32 1.216 0.42 [25℄
2n-
208
Pb 85.55 1.20 0.751 - - - [26℄
2n-α 87.18 1.90 0.39 - - - [27℄
a
The same parameters were used for the
4
He-
210
Pb distorted potential.
b V0= 32.8 31.4, 33.1 and 5.89 MeV for Elab =14, 16, 18 and 22 MeV, respetively.
c W0=0.04, 4.6, 5.1 and 9.84 for Elab =14, 16, 18 and 22 MeV, respetively.
Table 2
2n-
208
Pb potentials used to generate the bound and unbound states of the
210
Pb
nuleus in the transfer to the ontinuum alulations.
Jpi 0+ 1− 2+ 3− 4+ 5− 6+
V0 (MeV) 85.9 73.2 85.6 100.3 85.6 97.3 85.1
N 7 7 6 6 5 5 4
〈ǫ2n〉 (MeV) -4.9 1.0 -4.8 -6.4 -5.0 -5.1 -5.4
2(N − 1) + L = 2(n1 − 1) + l1 + 2(n2 − 1) + l2, where (n1, l1) and (n2, l2) are
the single-partile ongurations whih have to be populated in a simple shell
model piture to produe a state with the desired J . In all ases, we used a
Woods-Saxon form, with radius 1.2×2081/3 fm and diuseness a = 0.75 fm
[26℄. Finally, we adjust the potential depth, V0, to produe a state with the
given L, N , and 〈ǫ2n〉. The ase L = 1 deserves a speial onsideration, sine
no single-partile pair onguration of bound single-partile states ouples to
J = 1−. To obtain these states one neutron has to be promoted to the next
shell, and this will inrease the energy of the 1− state by h¯ω ≃ 6 MeV, leading
to a resonane around 〈ǫ2n〉=1 MeV, above the two-neutron breakup thresh-
old. Then, the potential depth was adjusted in this ase to obtain a resonane
at this energy. The values of N , V0 and 〈ǫ2n〉 are listed in Table 2.
The states of
210
Pb above the
208
Pb+2n threshold are desribed by means
of 1 MeV ontinuum bins, obtained by superposition of the 2n-
208
Pb sat-
tering wavefuntions, up to a maximum exitation energy of 8 MeV. Thus,
the two-body spetrosopi strength is naturally distributed along the ontin-
uum. However, for bound states, the fragmentation does not appear. To take
this into aount, we onsider that the doorway states are fragmented into Nb
states, with two neutron separation energies of S2n=0.5, 1.5,. . .,7.5 MeV, eah
one with an spetrosopi fator of 1/Nb. In pratie, we took Nb = 8 but
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we veried that the results did not depend strongly on this number. For the
ontinuum states, we assumed unit spetrosopi fators.
The α-2n interation, required to generate the 6He ground state wavefun-
tion, was parameterized using a standard Woods-Saxon form, with radius
R0 = 1.90 fm and diuseness ai = 0.39 fm, whih orresponds to the set
II of Ref. [27℄. A pure 2S onguration, with unit spetrosopi fator, was
assumed for this state. The potential depth was obtained using the energy sep-
aration method, that is, the depth was adjusted in order to reprodue the two-
neutron separation energy. However, instead of using the experimental sepa-
ration energy (S2n = 0.975 MeV) we used the modied value S2n = 1.5 MeV.
This hange is motivated by the fat that the 2n-α wavefuntion, alulated
with the experimental separation energy, extends too muh in onguration
spae, as ompared to a realisti three-body alulation. As a onsequene,
ouplings to the ontinuum are largely overestimated, leading to unrealisti
results for the sattering observables, as shown reently for the elasti satter-
ing of
6
He+
208
Pb [31℄ and
6
He+
209
Bi [32℄. By inreasing the binding energy to
S2n = 1.5 MeV the wavefuntion obtained in the di-neutron model simulates
fairly well the three-body wavefuntion in the (nn)-α oordinate. The physial
idea behind this hoie is that, in
6
He, the neutron-neutron pair ontributes to
the binding energy with a positive average energy whih, added to the (nega-
tive) relative energy assoiated to the (nn)-α motion, should give the orret
binding energy. Further details of this method will be published elsewhere [33℄.
In order to get onvergene of the angular ross setion within the angular
range overed by the present data, we found it neessary to inlude partial
waves up to L = 6 for the 2n-208Pb motion. The total angular momentum was
set to J = 50, and the distorted waves were alulated up to 200 fm. A range of
non-loality of 9 fm was required for the transfer ouplings. These alulations
were performed with the oupled-hannels omputer ode FRESCO [34℄.
The dierential angular distribution for eah nal state is proportional to
the square of the DWBA amplitude. By energy onservation, the energy of
the outgoing α partiles is obtained from the exitation energy of 210Pb. This
proedure provides a double dierential ross setion with respet to the angle
and energy of the sattered α fragments. In order to permit a meaningful
omparison with the data, these magnitudes were transformed to the LAB
frame. For this purpose, the alulated enter-of-mass (CM) double-dierential
ross setions were onverted to LAB system using the appropriate Jaobian
for the kinematial transformation for (θc.m., E
c.m.
α ) → (θlab, E
lab
α ).
The alulated angular distributions are represented by the solid lines in Fig. 3.
The overall agreement with the data is good, although for the higher sattering
energies (Elab =18 and 22 MeV) the experimental distributions are somewhat
underpredited. This underestimation, whih ould be due to the approxima-
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tions involved in our method, might indiate the presene of other hannels
not inluded in our alulations. Dynamial eets, suh as multi-step trans-
fer proesses, not onsidered in the DWBA alulations, ould also aet the
results. We would like to note that the alulation of absolute ross setions
in two-neutron transfer reations is a very ompliated problem [35,36℄, and
disrepanies as large as one or two orders of magnitude between theory and
experiment have been reported by some authors. Keeping in mind these di-
ulties, the degree of agreement between the present data and the transfer to
the ontinuum alulations is very enouraging.
Finally, the alulated energy distributions of the α partiles, in the LAB
frame, are given by the solid lines in Fig. 4. The transfer to the ontinuum
alulations (thik solid lines) reprodue very well the shape of these distri-
butions. In partiular, the position of the peak is very well aounted for at
all energies. The absolute values of these distributions are also reasonably
reprodued, exept for the underestimation at the higher energies disussed
above.
We would like to stress that these alulations do not inlude any free param-
eter. They are based on a diret appliation of a fully quantum mehanial
expression of the transition amplitude, within the DWBA approximation, and
the ingredients are the potentials between the fragments taken from the liter-
ature, and a physially motivated model for the initial and nal states in the
6
He and
210
Pb nulei, respetively.
3.2 Diret breakup
The diret breakup omponent of the α inlusive spetrum ould be also al-
ulated within the standard ontinuum disretized oupled-hannels (CDCC)
method [37℄. In the diret breakup piture, the fragmentation proess is for-
mally treated as an inelasti exitation of the projetile to the ontinuum (see
Fig. 5b). From the semiquantitative arguments outlined in Se. 2, we do not
expet this sheme to be appropriate for the present reation, sine the ob-
served energy of the α partiles is signiantly larger than the values estimated
by kinemati onsiderations assuming a diret breakup piture. These onsid-
erations, along with the alulations presented in Se. 3.1, learly suggest that
the energies of the observed α partiles at bakward angles are onsistent with
the transfer of the valene neutrons to weakly bound states of the target. These
states are indeed better desribed in a basis of the target representation, as we
have done in the transfer to the ontinuum alulations. The diret breakup
representation, by ontrast, is expeted to be less eient in this ase, in the
sense that a large basis would be required to desribe 2n-target states with
small relative energy and angular momentum. In order to test these arguments
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we have performed CDCC alulations for the Elab = 22 MeV ase.
Again, we assumed a simple di-neutron model for
6
He. Partial waves s, p and
d were inluded for the 2n-4He relative motion. For eah partial wave, the 6He
ontinuum was divided into energy bins, aording to the sheme detailed in
[31℄. In analogy with the presription used in the transfer to the ontinuum
alulations, the eetive two-neutron separation energy S2n = 1.5 MeV was
used to generate the
6
He ground state and ontinuum wavefuntions. With
this presription, the elasti angular distribution is very well reprodued. The
breakup angular and energy distributions obtained from this alulation are
represented in Figs. 3 and 4 by the dashed line (bottom panel). It an be seen
that the experimental data are underestimated by almost an order of magni-
tude, at all the measured angles. The inlusion of higher partial waves did not
solve the disrepany. Hene, as we antiipated, the diret breakup piture is
inadequate to desribe the present data. From the gure, we see also that the
CDCC distribution dominates the small angle region, with a pronouned peak
around 30
◦
. At these angles, the transfer to the ontinuum urve is very small,
suggesting that for the desription of the α partiles emitted at forward angles
the diret breakup sheme should provide a more suitable representation than
the TC.
We note that a proper CDCC alulation for the present reation would require
a three-body desription of
6
He, thus giving rise to a four-body sattering
problem. This kind of alulations has been reently reported by the Kyushu
group for
12
C [38℄ and
209
Bi [32℄ targets. Although our results will be modied
to some extent if a realisti three-body desription of
6
He is used, we believe
that our simplied alulations retain the essential physis to illustrate the
inadequay of the CDCC method to desribe the present data.
3.3 One neutron transfer
Another hannel that ould ontribute to the prodution of α partiles is the
one neutron stripping,
208
Pb(
6
He,
5
He)
209
Pb. This proess will produe
5
He in
a resonant state, whih will eventually deay into n+
4
He. The alulations
for this proess were performed within the DWBA approximation. Due to Q-
value onsiderations, this proess populates mainly bound states of the
209
Pb
nuleus, similar to what ours in the
208
Pb(d,p)
209
Pb reation [39℄. Thus,
we inluded the known bound states for the
209
Pb nuleus, and assumed unit
spetrosopi fators, sine these are known to be mainly single-partile states.
Conerning the spetrosopi fator for
6
He → 5He+n, in a strit shell model
piture, with maximal pairing, spetrosopi fator for neutron transfer is
equal to number of valene neutrons, what would give 2. We adopt however
the value 1.60 for this spetrosopi fator, reported by Nemets et al [40℄, and
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obtained using the method detailed in Ref. [41℄.
For the entrane hannel,
6
He+
208
Pb, the eetive potential obtained from
CDCC alulations was used. For the exit hannel,
5
He+
209
Pb, the poten-
tial was alulated by folding the n+
209
Pb potential from the ompilation of
Varner et al. [42℄ and the α + 208Pb potential of Goldring et al. [43℄ with the
ground state wave funtion of
5
He. The latter was represented by an energy
bin of a width 1.2 MeV plaed at an exitation energy of 0.8 MeV above the
5
He→4He+n breakup threshold. The binding potential for 4He+n was taken
from Ref. [44℄.
The alulated angular distribution is shown by the dotted-dashed line in the
lowest panel of Fig. 3 (Elab=22 MeV). It should be noted that, in this ase,
the sattering angle orresponds to the enter of mass of the
5
He* system,
rather than the
4
He angle. At intermediate angles (θlab ≈ 90
◦
), our alu-
lation predits a signiant ontribution of the 1n transfer, although the α
yield is still dominated by the 2n transfer. This result is in agreement with
the experimental data of De Young et al. [2℄ in whih the 2n transfer was
identied as the main mehanism produing α partiles at these angles, with
a small ontribution arising from 1n transfer. We note however that the ross
setions reported in [2℄ for the 1n and 2n transfer proesses are inferred from
the α partiles observed at 90 and 120 degrees, while in our experiment the
observed α partiles orrespond to larger angles (above 130◦). Therefore, the
ross setions reported in Ref. [2℄ annot be readily extrapolated to our ase.
Moreover, even if we ompare the same angular range, we do not expet to get
the same quantitative results, beause the states populated in both reations
(namely,
209
Pb and
210
Bi) are dierent.
It an also be seen that at the angles of interest of our experiment (θlab >
130◦), the ontribution of the 1n transfer is negligible and the prodution of
α partiles is essentially due to 2n transfer. Moreover, the 1n transfer annot
explain the energy of the α partiles sine the maximum kineti energy of the α
partiles emitted in this proess, whih orresponds to a transfer to the
209
Pb
ground state, is about 17.5 MeV, while the experimental energy distribution
extends beyond 20 MeV. Therefore, we onlude that the one neutron stripping
hannel is not responsible for the underestimation of the data at these angles.
4 Disussion
The results found in this work are onsistent and omplementary to our pre-
vious analysis of the elasti sattering for the same reation [9℄. The optial
model analysis performed in the previous work revealed the importane of a
long range absorption mehanism. With the present analysis, one an onlude
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that this mehanism is presumably related to the two-neutron removal proess
disussed in this work. In order to draw more denite onlusions it would be
desirable to obtain data in a wider angular range.
Furthermore, in order to understand more learly the importane of dierent
reation mehanisms, it would be very useful to perform a similar experiment
in whih the neutrons ould be deteted in oinidene with the α partiles.
Given the small detetion eieny for neutrons, and the fat that the two
neutrons an be emitted, in priniple, in arbitrary diretions, this experiment
is also very hallenging from the experimental as well as from the theoreti-
al points of view. Despite these diulties, a similar experiment has been
reently performed for the reation
6
He+
209
Bi at 22 MeV [2℄. By measuring
neutron-α oinidenes it is onluded that approximately 55% of the observed
α yield around and beyond the grazing angle is due to two-neutron transfer
to unbound states of the
211
Bi nuleus.
Our results are also onsistent with other experiments on
6
He indued rea-
tions on several targets, suh as
64
Zn [3℄,
65
Cu [4℄ and
238
U [5℄, for whih large
1n and 2n transfer ross setions have been inferred using dierent experimen-
tal tehniques.
In the ase of the reation using the
238
U target, these onlusions are sup-
ported by the reent alulations of Cárdenas et al. [45℄. Using a shemati
oupled-hannels alulations, the authors show that the 2n removal ross
setion from
6
He an be well aounted for by an inoherent superposition of
several transfer proesses with dierent Q values. Similarly, the alulations
in this work involve also an inoherent sum of 2n transfer to nal states with
a wide range of Q values.
5 Summary and outlook
In this paper we have presented new experimental data for the reation
6
He+
208
Pb
at energies around and below the Coulomb barrier. The reation ross setion
at bakward angles is dominated by a prominent
4
He group, whih was inter-
preted as oming from projetile fragmentation.
For eah sattering energy, the angular and energy distributions of the
4
He
fragments have been analyzed and ompared with transfer to the ontinuum
alulations, in whih the two-neutrons are assumed to be transferred as a
luster to both bound as well as unbound states of the target nuleus. A-
ording to these alulations, most of the observed α yield omes from the
transfer of the valene neutrons to highly exited states of the target in the
proximity of the two-neutron breakup threshold. By ontrast, diret breakup
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alulations and one neutron transfer alulations fail to explain the present
data.
This analysis suggests a senario in whih the
6
He nuleus is broken up in the
eld of the target, and the valene neutrons are left with a small relative en-
ergy with respet to the target. By energy onservation, the kineti energy lost
by the neutrons is transferred to the α partiles, whih are therefore aeler-
ated with respet to the beam veloity. These onlusions are onsistent with
previous measurements for other reations indued by
6
He on several targets,
for whih large transfer ross setion have been also reported [1,2,3,4,5℄.
Further measurements for this reation, inluding omplete kinematis, wider
angular overage, detetion of ssion and evaporation produts, et, would
be very useful to disentangle more learly the importane of dierent reation
mehanisms, and improve our understanding of the proesses that take plae in
the sattering of exoti nulei at energies around the Coulomb barrier. Some of
these measurements have been already performed and the subsequent analysis
is underway.
Despite the reasonable quantitative agreement with the data, the transfer to
the ontinuum alulations an be improved in both the struture and reation
aspets. Conerning the struture model, the main approximation involved in
our alulation is the assumption of the validity of the di-neutron model. Four-
body DWBA alulations have been performed by Chatterjee et al. [46℄ for the
sattering of
6
He on Pb and Au at high energies, using a realisti three-body
desription of the
6
He nuleus. By omparing with a onventional three-body
DWBA alulation based upon a di-neutron model of
6
He, they nd that the
latter alulation gives too large breakup ross setion. The disagreement is
attributed to the bigger rms radius in the di-neutron model, as ompared to a
realisti three-body model. In our alulations this eet is aounted for by
inreasing the 2n separation energy in
6
He. Also, the desription of the nal
states in
210
Pb ould be improved by using a more realisti level density for
this nuleus.
Conerning the desription of the reation mehanism, these alulations ould
be improved by inluding ouplings among nal states in
210
Pb, by means of
the CCBA method. These ouplings ould be generated in a luster model,
by folding the 2n-α and α+208Pb interations with the internal wavefuntions
for the
210
Pb states. Also, ouplings between the transfer/breakup hannels
and the elasti hannel ould be inorporated beyond the rst order, thus
performing a oupled-reation hannels alulation. This alulation would
permit permit an assessment of whether the expliit inlusion of these han-
nels an explain the long-range absorption eet enountered in the analysis
of the elasti data. If this is the ase, the optial potential required to repro-
due the elasti data in presene of transfer hannels should have a smaller
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diuseness, as ompared to the phenomenologial optial potential derived in
absene of these hannels. Notie that, in the DWBA approah, these higher
order eets are aounted for in an eetive way by an appropriate hoie
of the phenomenologial optial potentials used to desribe the inoming and
outgoing distorted waves. These CCBA and oupled reation hannels al-
ulations are beyond the sope of this work, and hene they have not been
attempted.
Aknowledgements
This work has been supported by the Spanish MCyT projets FPA2005-04460,
FPA2005-02379, FPA-2000-1592-C03-02, FPA2003-05958, and FPA2002-04181-
C04-02/03, by the European Community-Aess to Researh Infrastruture
ation of the Improving Human Potential Program, ontrat number HPRI-
CT-1999-00110 and the Belgian program P5/07 on interuniversity attration
poles of the Belgian-state Federal Servies for Sienti, Tehnial and Cul-
tural Aairs. We are grateful to J. Kolata for useful disussions. A.M.M. a-
knowledges nanial support by the Junta de Andaluía. D.E. aknowledges
nanial support by the MEC.
Referenes
[1℄ E. F. Aguilera et al., Phys. Rev. Lett. 84 (2000) 50585061.
[2℄ P. A. DeYoung et al., Phys. Rev. C71 (2005) 051601.
[3℄ A. Di Pietro et al., Phys. Rev. C 69 (2004) 044613.
[4℄ A. Navin, et al., Phys. Rev. C 70 (2004) 044601.
[5℄ R. Raabe, et al., Nature (London) 431 (2004) 823.
[6℄ J. F. Liang, C. Signorini, International Journal of Modern Physis E (2005)
11211150.
[7℄ A. M. Sánhez-Benítez, et al., J. Phys. (London) G31 (2005) S1953.
[8℄ O. R. Kakuee, et al., Nul. Phys. A765 (2006) 294.
[9℄ A. M. Sánhez-Benítez et al, Submitted to Nulear Physis A.
[10℄ E. F. Aguilera et al., Phys. Rev. C 63 (2001) 061603.
[11℄ A. Romoli et al, Phys. Rev. C 69 (2004) 064614.
20
[12℄ M. V. Andrés, J. Gómez-Camaho, M. A. Nagarajan, Nul. Phys. A 579 (1994)
273.
[13℄ D. Miljani et al., Nul. Inst. and Methods 447 (2000) 544547.
[14℄ T. Davidson et al., Nul. Instrum. Methods A 454 (2000) 350.
[15℄ A. N. Ostrowski, S. Cherubini, T. Davinson, D. Groombridge, A. M. Laird,
A. Musumarra, A. Ninane, A. di Pietro, A. C. Shotter, P. J. Woods, Nul. Inst.
and Methods 480 (2002) 448.
[16℄ R. Raabe, Ph. D. Thesis, Katholieke Universiteit Leuven, Belgium.
[17℄ SRIM ode an be downloaded at http://www.srim.org.
[18℄ A. M. Sánhez-Benítez, Ph.D. Thesis. University of Huelva. Unpublished.
[19℄ A. M. Moro, F. M. Nunes, Nul. Phys. A 767 (2006) 138.
[20℄ C. M. Vinent, H. T. Fortune, Phys. Rev. C 2 (1970) 782.
[21℄ H. Frohlih, T. Shimoda, M. Ishihara, K. Nagatani, T. Udagawa, T. Tamura,
Phys. Rev. Lett. 42 (1979) 1518.
[22℄ G. Baur, D. Trautmann, Phys. Rep. 25 (1976) 293.
[23℄ T. Udagawa, Y. Lee, T. Tamura, Phys.Rev. C 39 (1989) 47.
[24℄ A. M. Moro, R. Crespo, H. Garía-Martínez, E. F. Aguilera, E. Martínez-Quiroz,
J. Gómez-Camaho, F. M. Nunes, Phys. Rev. C 68 (2003) 034614.
[25℄ A. R. Barnett, J. S. Lilley, Phys. Rev. C 9 (1974) 2010.
[26℄ W. W. Daehnik, J. D. Childs, Z. Vrelj, Phys. Rev. C 21 (1980) 2253.
[27℄ K. Rusek, K. W. Kemper, R. Wolski, Phys. Rev. C 64 (2001) 044602.
[28℄ E. Browne, Nulear Data Sheets 99 (2003) 649.
[29℄ K. Wildermuth, W. MClure, Springer Trats in Modern Physis, Vol. 41, edited
by G. Höhlen (Springer, New York), 1966.
[30℄ G. R. Sathler, Diret Nulear Reations, Oxford University Press, New York,
1983, p. 721.
[31℄ K. Rusek, I. Martel, J. Gómez-Camaho, A. M. Moro, R. Raabe, Phys. Rev. C
72 (2005) 037603.
[32℄ T. Matsumoto, T. Egami, K. Ogata, Y. Iseri, M. Kamimura, M. Yahiro,
Phys.Rev. C 73 (2006) 051602.
[33℄ A. Moro, K. Rusek, M., J. Arias, J. Gómez-Camaho, M. Rodríguez-Gallardo,
Submitted to Phys. Rev. C, arxiv:nu-th/0703005.
[34℄ I. J. Thompson, Comp. Phys. Rep. 7 (1988) 167.
21
[35℄ D. H. Feng, T. Udagawa, T. Tamura, Nul.Phys. A274 (1976) 262.
[36℄ B. F. Bayman, Jongsheng Chen, Phys.Rev. C26 (1982) 1509.
[37℄ N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Rawitsher, M. Yahiro, Phys.
Rep. 154 (1987) 125.
[38℄ T. Matsumoto, E. Hiyama, K. Ogata, Y. Iseri, M. Kamimura, S. Chiba,
M. Yahiro, Phys.Rev. C 70 (2004) 061601.
[39℄ D. G. Kovar, N. Stein, C. K. Bokelman, Nul.Phys. A231 (1974) 266.
[40℄ O. F. Nemets et al., Nuleon lusters in atomi nulei and many-nuleon transfer
reations (in Russian), Appendix III, Ukrainian Aademy of Siene, Institute
for Nulear Researh, Kiev, 1998.
[41℄ Y. F. Smirnov, Y. M. Thuvil'sky, Phys. Rev. C 15 (1) (1977) 8493.
[42℄ R. L. Varner et al., Phys. Rep. 201 (1991) 57.
[43℄ G. Goldring et al., Phys. Lett. B32 (1970) 465.
[44℄ J. Bang, C. Gignoux, Nul. Phys. A313 (1976) 119.
[45℄ W. Cárdenas, L. Canto, M. Hussein, Phys. Rev. C 73 (2006) 047603.
[46℄ R. Chatterjee, P. Banerjee, R. Shyam, Nul. Phys. A 692 (2001) 476.
22
